We have determined the exon-intron organization and the nucleotide sequence of the exons and their flanking intronic DNA in cloned genomic DNA that encodes the first 526 amino acids of the al domain of the human red cell spectrin polypeptide chain. From the gene sequence we designed oligonucleotide primers to use in the polymerase chain reaction technique to amplify the appropriate exons in DNA from individuals with three variants of hereditary elliptocytosis characterized by the presence of abnormal aI spectrin peptides, 46-50 and 65-68 kD in size, in partial tryptic digests of spectrin. The aI/68-kD abnormality resulted from a duplication of leucine codon 148 in exon 4: TTG-CTG to TTG-T1TG-CTG. The aI/50a defect was associated in different individuals with two separate single base changes in exon 6: CTG to CCG (leucine to proline) encoding residue 254, and TCC to CCC (serine to proline) encoding residue 255. In another individual with the aI/50a polypeptide defect, the nucleotide sequence encoding amino acid residues 221 through 264 was normal. The aI/50b abnormality resulted from a single base change of CAG (glutamine) to CCG (proline) encoding residue 465 in exon 11 in two unrelated individuals. In a third individual with aI/50b-kD hereditary elliptocytosis, the entire exon encoding residues 445 through 490 was normal. The relationship of the aI domain polypeptide structure to these mutations and the organization of the gene is discussed.
Introduction
The red cell membrane skeleton is composed of the proteins spectrin, actin, 4.1, and ankyrin, which interact to form an intricate lattice attached to the inner surface ofthe lipid bilayer (for reviews see references 1 and 2). This lattice provides the mature red cell with structural support and flexibility during its lifespan. Defects in the various components of the membrane skeleton have been detected in hereditary elliptocytosis (HE),' hereditary pyropoikilocytosis (HPP), and hereditary spherocytosis (for reviews see references 1 and 3). HE is a heterogeneous disorder characterized by variable hemolytic anemia and elliptical red cell shape. Several abnormalities in the membrane skeleton have been identified in HE, including a number that have been localized to spectrin.
Spectrin, the major component of the membrane skeleton, is composed of dimers of a and ,3 polypeptides, arranged in antiparallel fashion, that interact to form tetramers and larger oligomers (1, 2) . Normal tetramer and oligomer assembly appear to be critical to the stability of the membrane skeleton as well as to normal red cell shape and function (1) (2) (3) . The region of the heterodimer formed by interaction between the aminoterminal end of a spectrin and the carboxy-terminal end of , spectrin, referred to as the oligomer binding site, is of functional importance in tetramer and oligomer self-assembly (4) .
Analysis of purified normal spectrin by limited digestion with trypsin and two-dimensional electrophoresis has allowed the identification of five a and four A spectrin peptide domains (5) . The amino-terminal or aI domain ofa spectrin is observed as an 80-kD fragment that is usually resistant to further digestion by trypsin in the mild conditions used (5) . Using this method of analysis several abnormalities in the spectrin aI domain have been detected in individuals with HE. Recently the amino acid changes in several al domain HE variants have been identified.
One HE variant, aI/68-kD HE (also referred to as aI/65 HE or Spa1165 HE), has been characterized by a 65-68-kD aI tryptic fragment (6) (7) (8) (9) (10) . Amino acid analysis of spectrin from two unrelated individuals with this defect revealed a leucine insertion between residues 148 and 150 that results in an abnormal trypsin cleavage after arginine residue 131 (10) . Two forms of HE have been characterized by the presence of separate aI tryptic fragments of 46-50 kD replacing the normal 80-kD al tryptic fragment. One variant, aI/50a-kD HE (or Spa'11"6 HE; 11-13), has been found to be associated with two separate amino acid changes (10) . In one individual a proline was substituted for lysine 254, resulting in trypsin cleavage after arginine 250; in a second individual serine 255 was replaced by proline, resulting in cleavage after lysine 252. A third form of elliptocytosis, aI/50b-kD HE, has been related to a substitution of proline for glutamine 465 in one affected individual, resulting in an aberrant cleavage by trypsin after argi-nine 462 (10) . In the same report, another aI/50b-kD HE variant was characterized by trypsin cleavage after arginine 464. In this individual, however, an amino acid change was not identified. Glutamine was present at position 465 and the following 28 residues were also found to be normal. We have recently reported the isolation of a 17-kb a spectrin clone from a human genomic library (14) . Approximately 3 kb of the 3' end of the genomic insert was sequenced and shown to contain three exons encoding amino acid residues 314 through 444 of the al spectrin polypeptide (14) . We 
Methods
Genomic cloning and exon mapping. The isolation of clone X3021 from a X Charon 4a library of partially Eco RI-digested human DNA was previously described (14) . The overlapping clone X-aSp-4a was isolated from a second library of human DNA partially digested with Hae III and Alu I (15) using a 1.7-kb Eco RI/Hind III fragment corresponding to the 5' end of subclone 3021 El (Fig. 1) as a screening probe. Identification of exons 8, 9, and 10 on the basis of nucleotide sequence has been previously described (14) . The positions of the remaining exons were mapped by restriction enzyme digestion of the cloned genomic DNA, followed by Southern blotting (16) and hybridization to radiolabeled a spectrin cDNA probes. Most exons could be accurately mapped using restriction enzyme sites previously identified in a spectrin cDNA clones. The remaining exons were localized between infrequent restriction sites present within intronic regions. From 5' to 3' the 1.7-kb Eco RI-Hind III (exons 1 and 2), 2.2-kb Hind III-Xba I (exons 2 and 3), 4.7-kb Xba I-Xba I (exons [4] [5] [6] , and the 1.3-kb Xba I-Hind III (exon 7) fragments of 3021 El were subcloned. The 1.6-(exon I 1) and 0.75-kb (exon 12) Eco RI fragments ofX-aSp-4a were also subcloned. Exon were subcloned and sequenced (see Fig. 2 ).
The amino acid residues of the al peptide 
Results
Organization and nucleotide sequence ofthe 5' a-spectrin gene exons. The restriction map presented in Fig. 1 A was derived from two. large overlapping genomic clones isolated from libraries of total human genomic DNA. Clone X302 1, previously described by Linnenbach et al. (14), was isolated by hybridization to a synthetic 90-bp double-stranded DNA probe corresponding to a region of minimum codon degeneracy in the spectrin al domain. Nucleotide sequence analysis of the 3' terminal 3 kb identified three exons, numbered 8, 9, and 10 in Fig. 1 B, which encoded amino acid residues 314-444 of the previously reported a spectrin polypeptide sequence (24, 25) . Clone X-aSp-4a was isolated by hybridization to a fragment corresponding to the 5' end ofthe 13 kb Eco RI fragment (3021 El) of clone X302 1. To map the remaining exons in 3021 El we initially subcloned exon-containing fragments of intermediate size (see Methods) obtained by digestion with relatively infrequently cutting restriction enzymes. Exons were further localized within these subclones after digestion with more frequently cutting restriction enzymes, Southern blotting, and hybridization to 32P-labeled a spectrin cDNA fragments. The shorter exon-containing fragments mapped in this manner were subcloned and sequenced.
As shown in Fig. 1 B, we have identified the first 12 coding exons of the human red cell a spectrin gene. The nucleotide sequences of all 12 exons and the immediately adjacent intron sequences are presented in Fig. 2 . For completeness we have included the three exon sequences previously reported in reference 14. The exon DNA sequence is identical to the sequence separately determined for a spectrin cDNA encoding the same region (not shown). The translated amino acid sequence is in complete agreement with that previously determined by direct amino acid sequence analysis (24, 25) . In all, the 12 exons encode the first 526 amino acid residues of the al domain of spectrin. It (26) . All intron sequences immediately adjacent to exons obey the gt/ag rule (27). In all cases, there was no second ag dinucleotide pair within the 15 bp upstream of the 3' splice junction. The 5' donor sequence of exon 5 contains a cryptic splice sequence within the intron immediately downstream from the correct splice signal. Use of this alternative splice sequence, however, would put the coding sequence out of frame as well as introduce several stop codons in the same reading frame immediately downstream. Except for exons 6 and 8, all 5' donor sequences end immediately after a triplet codon. Exons 6 and 8 end after the second base of the coding triplet, the third base of the codon being located at the start of the following exon. The same phenomenon occurs in a number of different eucaryotic genes.
Spectrin gene mutations in aI HE. Several defects in the aI domain of spectrin have been identified in individuals with HE (6-13). In aI/68-, al/50a-, and aI/50b-kD HE, amino acid changes presumably responsible for the abnormalities have been reported (10) . Determination of the exon organization and sequences encoding the al domain of the protein has allowed us to undertake a study of the DNA sequence of the genes encoding these three HE variants.
In two unrelated individuals with the aI/68-kD HE defect, amino acid sequence analysis of the NH2-terminal end of the abnormal 68-kD tryptic peptide revealed a leucine insertion between residues 148 and 150 (10) . We amplified total genomic DNA from one of these individuals (H.P.) using the primers for exon 4 indicated in Fig. 2 . The resulting 242-bp double-stranded product was cloned into the Hinc II site of pGEM4 and sequenced. Ofthe five subclones sequenced, three contained the normal sequence. Two subclones had a duplication of leucine codon 148: TTG-CTG to TTG-TTG-CTG. This result is shown in Fig. 3 . Both strands of one mutant subclone were sequenced and found to agree completely with the entire normal exon sequence except for the TTG leucine codon duplication.
The aI/50a-kD HE abnormality has been shown to be associated with separate proline substitutions involving either serine 255 or leucine 254 (10) . These changes map to exon 6 (Figs. 1 B and 2). Using oligonucleotide primers P16 and P6 indicated in Fig. 2 we amplified total genomic DNA from one of these individuals (T.S.). DNA sequence analysis of the subcloned normal and mutant exons is shown in Fig. 4 A. A single base change of CTG to CCG in exon 6 in one allele causes a substitution of proline for leucine 254.
The mutation of another individual (A.R.) with the aI/50a peptide abnormality was also studied. Using oligonucleotide primers P5 and P6, we amplified total genomic DNA. The PCR product was gel purified and reamplified using a rate-limiting amount of the 3' primer (oligonucleotide P6). The total asymmetrically amplified DNA product was then directly sequenced using primer P6 and T7 DNA polymerase (Sequenase). This procedure results in the simultaneous sequencing of the amplified exon 6 from both normal and mutant alleles. As shown in Fig. 4 (Continued) studied. Although the precise site of abnormal cleavage by trypsin in a spectrin from MA has not been identified, the abnormal alI/50-kD tryptic peptide produced appeared to be identical in mobility, after two-dimensional electrophoresis, to that derived from a spectrin of T.S. for which actual amino acid sequence was obtained. Genomic DNA from MA was amplified using oligonucleotide primers P5 and P6 and directly sequenced as described above. In addition, 18 individual subclones of the PCR product using oligonucleotide primers P16 and P6 were sequenced. No abnormalities were detected in the DNA sequence of exon 6 which encodes residues 221 through 264 (i.e., 29 residues upstream and 14 residues downstream from the abnormal trypsin cleavage site identified in T.S.). A third abnormality of the al domain has been described in individuals with HE (10) . This variant, referred to as alI/50b-kD HE, is characterized by a 50-kD aI tryptic peptide and two smaller fragments of 17 and 19 kD not observed in the aI/50a-kD HE defect. Sequence analysis of the amino-terminal ends of the 17-and 19-kD tryptic fragments from one individual (H.B.) revealed a substitution of proline for glutamine at position 465 (10) . This change maps to a spectrin exon 11 (Figs. 1 B and 2) . We amplified total genomic DNA from HB and a second unrelated affected individual using the primers indicated. The DNA products were subcloned into pGEM and sequenced (Fig. 5) . In both individuals we detected a single base change of CAG (glutamine) to CCG (proline) in codon 465 of exon 11 in one allele.
Spectrin from a third aI/50b-kD HE individual was previously studied (D.F. in reference 10). An amino acid change responsible for the abnormal tryptic peptides was not identified although limited tryptic digestion of a spectrin produced peptides similar to those of HB. Sequence analysis of the amino-terminal ends of the 19 and 17 kD peptides identified the cleavage site as arginine 464, instead of arginine 462 as in H.B., but revealed no amino acid changes in the following 28 residues. Genomic DNA from DF was amplified and subcloned, and the entire exon 11 was sequenced as described above. A total of 20 separate subclones were sequenced. A single subclone had an AAC (asparagine) to GAC (aspartate) change at position 450. In 19 additional subclones sequenced, however, this base change was not detected and the DNA sequences were completely normal. The base change noted in the single subclone was most likely due to an error introduced during amplification by the Taq polymerase. We have concluded that the entire exon 1 Knowledge of the exon sequences and exon-intron organization of the region encoding the al domain of spectrin will facilitate the study of these mutations. Second, an understanding of the organization of the erythroid a spectrin gene may provide significant insight into the molecular evolution of the spectrin gene and other members of the gene family to which it belongs. Finally, although not the subject of this report, the identification of the a spectrin promoter would allow studies on the mechanism oftissue-specific expression of the a spectrin and other genes expressed exclusively during erythroid cell differentiation. We have reported here the DNA sequences and the organization of the first 12 coding exons of the human erythroid a spectrin gene. The coding region studied spans -17 kb and encodes the first 526 amino acid residues of the aI domain. Given a total estimated length of -2,400 amino acids for a spectrin, the entire gene is predicted to be composed of -55 exons and to be -80 kb in size, assuming a similar frequency and length of introns in the remainder of the gene.
The a spectrin polypeptide has been previously shown to be a long rod-shaped molecule composed of -20 homologous repeat. This is different from the situation in the gi dystrophin, the protein that is defective in Ducher dystrophy and a member of the extended family o proteins. In dystrophin, which is composed larg units of 109 amino acid residues similar to thos4 the ends of the first six protein repeats appear t exactly by exon-intron boundaries (28) . A more derstanding of the molecular evolution of the a must await exon-intron mapping of the entire ge It is apparent in Fig. 6 , however, that the aI/ and aI/50b-kD HE mutations studied here are 1 i.e., 25 and 29 residues proximal to the mutation (29, 30) . In two individuals studied, one with aI/50a-kD HE and one with aI/50b-kD HE, a gene mutation was not identified in the exon encoding the site of the abnormal tryptic cleavage. In the case of the aI/50a variant this exon encodes 29 and 14 amino acid residues to either side ofthe cleavage site. In the aI/SOb variant the exon encodes 19 and 28 amino acid residues to either side of the cleavage site. Thus, the protein defects in these two individuals may be located more distally (or proximally) to the abnormal tryptic cleavage site in neighboring exons of the a spectrin gene. Or, as recently suggested in the case of one aI/74-kD HE variant (38) , the aberrant al tryptic cleavage may not be the result of a mutation in the a spectrin chain, but, rather, a mutation in the apposing , spectrin chain.
